ABSTRACT. Extreme temperatures and persistent water stress stand out among the main factors that restrict the vegetative growth and productivity of Coffea canephora. The objective of this study was to evaluate the vegetative growth of orthotropic and plagiotropic branches of C. canephora under non-irrigated and irrigated conditions, and their correlation with climatic factors in the Atlantic region of Bahia State, Brazil. The experiment was established with two treatments (non-irrigated and irrigated) in a completely random design with 14 replicates. One orthotropic and four plagiotropic branches were labelled on each plant. During the two-year experimental period, the growth of these branches was evaluated at 14-day intervals. Two harvests were performed to obtain productivity data. In summary, it was confirmed that irrigation resulted in an increased productivity of Conilon coffee in the Atlantic region of Bahia, Brazil. The growth rate of the orthotropic and plagiotropic branches was higher in irrigated plants. The growth rate of the plagiotropic branches was limited by the fruit load capacity. The growth rate of C. canephora branches was not limited by the minimum average air temperature in the Atlantic region of Bahia, Brazil.
Introduction
The genus Coffea comprises at least 124 species, of which Coffea arabica and C. canephora are economically important (Davis, Tosh, Ruch, & Fay, 2011) . Despite C. arabica being the most widely farmed species in the world, the cultivation of C. canephora (Conilon coffee) has significantly contributed to coffee production worldwide. In 2015, world coffee production exceeded 144.7 million bags, of which 41.5% were Conilon coffee produced in countries considered as emerging, with Brazil being the second largest producer of this species worldwide (International Coffee Organization [ICO], 2016) .
The species C. canephora is cultivated in the Atlantic region of Brazil, where it represents an important source of income in many counties. With the availability and implementation of efficient technologies for coffee production, this region has shown a considerable increase in production and productivity in the last few years. However, despite Acta Scientiarum. Agronomy Maringá, v. 38, n. 4, p. 535-545, Oct.-Dec., 2016
technological advances and apparently favourable climatic conditions for coffee farming within this region, coffee growth, development and productivity have been jeopardized by water deficits and extreme or inadequate temperatures that differ from those considered suitable for its cultivation (DaMatta & Ramalho, 2006) . Temperatures below 13ºC and accentuated water deficits affect diverse components of the photosynthetic process because they reduce stomatal conductance, net photosynthesis, the photochemical efficiency of photosystem II, the efficiency of the electron transport chain in the thylakoid membrane, enzymatic activity and carbon metabolism, in addition to modifying the composition and structure of the photosynthetic pigment complexes, lipids and fatty acids, with different intensities recorded for different genotypes and species (Batista-Santos et al., 2011; Ferreira, Partelli, Didonet, Marra, & Braun, 2013; Partelli, Marré, Falqueto, Vieira, & Cavatti, 2013; Scotti-Campos, Pais, Partelli, Batista-Santos, & Ramalho, 2014) . On the other hand, high air temperatures may cause the denaturation and aggregation of proteins as well as an increase in the production of reactive oxygen species (DaMatta & Ramalho, 2006) , ethylene synthesis and evaporative demand, which may result in stomatal closing and a reduction in the supply of CO 2 , which consequently reduces net photosynthesis (Vara Prasad, Allen Júnior, & Boote, 2005) and the production of coffee beans (Craparo, Asten, Laderach, Jassogne, & Grab, 2015; Ovalle-Rivera, Laderach, Bunn, Obersteiner, & Schroth, 2015) . When cultivated at temperatures below 17ºC or above 31ºC, Conilon coffee shows an expressive reduction in the growth rate, which negatively impacts production .
A water deficit may be considered a limiting factor for coffee plant growth because the majority of cultivated areas are located in regions with water restrictions (Araújo, Reis, Moraes, Garcia, & Nazário, 2011) . Consequently, the farming of Conilon coffee has been conducted predominantly under irrigation because this condition enhances the production of flower buds (Carvalho, Colombo, Scalco, & Morais, 2006) , increases the number of plagiotropic branches per plant (Nazareno et al., 2003) , enhances the number of flowers per plant (Massarirambi, Chingwara, & Shongwe, 2009 ) and results in better development and grain formation (Pezzopane, Castro, Pezzopane, Bonomo, & Saraiva, 2010) . Therefore, irrigation guarantees high productivity (Bonomo et al., 2013; Sakai et al., 2015) and a final product with a better beverage quality (Fernandes, Partelli, Bonomo, & Golynski et al., 2012) .
Climate change represents another limiting factor for coffee production and is responsible for the loss of areas suitable for the cultivation of C. arabica and C. canephora worldwide (Bunn, Laderach, Rivera, & Kirschke, 2015) . The loss of suitable areas for Conilon is significant in Brazil and Vietnam. According to Bunn et al. (2015) , Conilon coffee may substitute the farming areas of C. arabica due to its tolerance to high temperatures. Nevertheless, this scenario may only be feasible in some regions where Conilon coffee develops better (regions with low intra-seasonal variability). The Furthermore, the sensitivity of Conilon coffee to climate changes is prominent at lower latitudes and altitudes .
By studying the physiological and biochemical responses of photosynthesis to elevated atmospheric CO 2 concentration and/or temperature in several C. arabica and C. canephora genotypes, Rodrigues et al. (2016) demonstrated that predictions concerning the impacts of climate change and global warming should consider the role of CO 2 as a key player in coffee heat tolerance. They also demonstrated a relevant heat resilience of coffee species and showed that an elevated CO 2 concentration remarkably mitigated the impact of heat on coffee physiology. In this regard, and fortunately, future perspectives on the sustainability of the coffee crop that are based on increasing temperature scenarios should not be as catastrophic as previously predicted (Rodrigues et al., 2016 ).
An understanding of the seasonal fluctuations of C. canephora vegetative growth under non-irrigated and irrigated conditions, associated with the climatic conditions within particular growth areas, is an important tool for plant evaluation because it has direct implications for the irrigation management and planning of nutritional programmes of coffee plantations. Unfortunately, references that are currently available on this subject are scarce.
Consequently, the objective of this study was to evaluate the vegetative growth of orthotropic and plagiotropic branches of C. canephora under irrigated and non-irrigated conditions, and associate this with the climatic factors of the Atlantic region of Bahia State, Brazil.
Material and methods
The experiment was performed in a commercial plantation in Itabela county, Southern Bahia State, Brazil, at an altitude of 108 m, a latitude of 16°42'13'' South and a longitude of 39°25'28'' West. (Bragança, Carvalho, Fonseca, & Ferrão, 2001) , which were cultivated in full sunlight, with a 3.5 x 1.0-m spacing and supplied with fertigation since the seedling transplant, were used in the experiment. The plantation was established with four productive stems per plant under a cyclic pruning programme. However, the plantation was evaluated before the pruning stage was reached. Additional cultural treatments were performed according to the technical recommendations for coffee plantations.
The , respectively. The experimental design was completely random and was based on a split-plot design in time, with 14 replicates. The treatments consisted of irrigated and non-irrigated coffee plants within the main plot and branches measured at different periods within the splitplots. The non-irrigated treatment was established by withholding irrigation, four months before the evaluations were started, to allow the plants to acclimate to the water deficit. In the irrigated treatment, a surface dripping system was used, with one line of emitters per plant row, with a 0.5-m spacing and a flow rate of 2.0 L h -1
. Both treatments received dosages of 500, 100, and 400 kg ha -1 year -1 of N, P and K, respectively, according to the needs of each phenological stage of the coffee plant. In the irrigated treatment, fertigation was performed weekly, while in the non-irrigated treatment, the fertilizers were applied on the soil surface under the coffee plant canopy and the total amount was partitioned over five application times within one year (September, November, January, March and June).
The maximum, average and minimum temperature, global solar radiation, rainfall and relative humidity of the air were collected at an automatic weather station located at a distance of 800 m from the experimental area (Figure 1 ). The meteorological data were used to determine the reference evapotranspiration (ETo) according to the PenmanMonteith model (Allen, Pereira, Raes, & Smuth, 1998) . To manage irrigation, the daily water balance was used based on the crop evapotranspiration (ETc = ETo X Kc), the measured local rainfall and the soil water storage characteristics. A daily soil water balance (for both irrigated and non-irrigated conditions) was calculated to identify water deficit periods (Figure 1 ).
On July 28 th 2011, one orthotropic (its terminal portion) and two plagiotropic branches per plant were randomly labelled: an old plagiotropic-bearing branch with 12 productive nodes and two completely expanded leaves per node (PlagBB) and the last-released plagiotropic branch within the orthotropic branch (PlagN1). The orthotropic branch (Orto) was marked from its insertion in the branch PlagBB to the apex. In a similar way, in the next year (2012), the two newest plagiotropic branches from the upper orthotropic branch were also labelled: one on January 28 th (PlagN2) and the other on April 29 th (PlagN3). These two additional plagiotropic branches were, measured due to the loss of strength of the previously-labelled branches (Partelli, Vieira, Silva, & Ramalho, 2010) . The length of these branches was recorded at intervals of approximately 14 days during a two-year period (until July 30 th 2013). The total growth of each branch was calculated as the difference between the last and the first measurements. In addition, the daily absolute growth ratio was calculated using a relationship based on the difference between the final and initial branch measurements divided by the number of days between the measurements.
To assess the coffee production per plant, two manual harvests were performed in April 2012 and 2013, using the 14 labelled plants within each treatment. The average production of the coffee grains was quantified in litres (L) of fruit in natura per plant. After the first harvest, the PlagBB branch was eliminated by pruning and therefore once it lost its bearing capacity for the next harvest period. In a similar manner, the PlagN1 branch was eliminated after the second harvest.
The vegetative growth and production data were subjected to variance analysis (p < 0.05) and the mean values were compared using a t test (p < 0.05). The statistical analysis was performed using the ASSISTAT 7.7 Beta software (Silva, 2015) . The mean value and standard error were calculated for each variable to be included in the graphics.
Acta Scientiarum. Agronomy Maringá, v. 38, n. 4, p. 535-545, Oct.-Dec., 2016 Figure 1 . Global solar radiation, maximum, mean and minimum air temperatures (A); rainfall, irrigation and relative humidity (B); water deficit (in non-irrigated and irrigated treatments) and total reference evapotranspiration (ETo) (C), determined during the experimental period between July 2011 and July 2013.
Results and discussion
Under the irrigated treatment, the coffee plants showed greater total vegetative growth in all branch categories, with the exception of PlagN3, which showed a growth pattern similar to the non-irrigated plants (Table 1 ). The total growth of the orthotropic branches of the irrigated coffee plants was 31.4% higher than that of the non-irrigated coffee plants.
Irrigation increased the vegetative growth of PlagBB, PlagN1 and PlagN2 by 68.1, 35.1 and 34.5%, respectively, compared with the nonirrigated coffee plants (Table 1 ). The lowest total growth was observed for PlagBB, within the nonirrigated treatment (Table 1 ). The total growth of the plagiotropic branches (PagN1 and PlagN2) was similar to that of the orthotropic branches. In the Atlantic region of Bahia, Brazil, the growth pattern of the orthotropic and plagiotropic branches of C. canephora was not determined by the minimum air temperature (Figures 2, 3 and 4) . This is in contrast to the States of Espírito Santo and Rio de Janeiro (Partelli et al., 2010) because the average minimum air temperature, even during the winter period, always remained above 17ºC in the present study ( Figure 1A) . It has been demonstrated that C. canephora plants growing at latitudes higher than 15ºS show higher vegetative growth rates during periods with longer, hotter days and higher rainfall, while low vegetative growth rates are observed during periods with colder and shorter days (Nazareno et al., 2003; Partelli et al., 2010) . Coffea canephora plants can endure higher temperatures than C. arabica ; however, they are less adapted to low temperatures (DaMatta & Ramalho, 2006; Batista-Santos et al., 2011; Ramalho et al., 2014; Scotti-Campos et al., 2014) .
The irrigated plants showed a higher growth rate with respect to the orthotropic branch compared with the non-irrigated plants, and the growth pattern of this branch type differed slightly between the evaluation years ( Figure 2 ). The whole area was originally irrigated and the application of mineral nutrients was achieved via fertigation. Consequently, the plants needed to adjust to the water deficit condition resulting from the management modifications imposed to evaluate the non-irrigated condition ( Figure 1C ). This probably jeopardized the growth rate, even under temperatures that were adequate for growth.
Different coffee genotypes have different adaptation mechanisms for water stress, for example, an increase in stomatal control and the efficiency of water extraction from the soil (DaMatta, & Ramalho, 2006) , a deepening of the root system (Pinheiro et al., 2005) , and a reduction in leaf area (Cai et al., 2007) and vegetative growth (DaMatta, & Ramalho, 2006) , which consequently results in a reduction in photoassimilate production (Sakai, Barbosa, Silveira, & Pires, 2015) . During the first year, higher growth rates were observed during the period from October 2011 to January 2012, while during the second year, higher growth rates were observed during the period from July/August to November 2012 (Figure 2 ). Within these periods, it is possible to observe a temperature increase in the region, i.e., 3.0 to 5.0ºC in the average maximum and minimum temperatures, respectively ( Figure 1A) , compared with the winter temperatures. According to Partelli et al. (2010) , the vegetative growth rate of C. canephora cultivated in the North Fluminense region of the Rio de Janeiro State indicates a linear increment as a function of the temperature increase (end of winter and during spring), a condition that is also observed in different genotypes in the Northern region of the Espírito Santo State .
In the Atlantic region of the Bahia State, an average maximum temperature above 29. (Figure 2) . Maximum air temperatures above 31ºC result in reduced vegetative growth of C. canephora .
After the coffee fruits were harvested, which was completed at the end of April 2012 and 2013, the growth rate of the branches remained low (Figures  2, 3, and 4 ). This may be associated with the stress induced by fruit harvesting, due to the pruning of the non-bearing plagiotropic branches and to sprout thinning procedures.
Higher vegetative growth of the plagiotropic branches occurred between spring and summer ( Figure 3 and 4) , a period characterized by high rainfall indexes, a gradual increase in temperature within non-limiting levels and a higher availability of light (Figure 1) . From the end of October 2011, the PlagBB branch showed a gradual reduction in the net growth rate, until it was approximately equal in both treatments, in the period preceding the harvest (Figure 3 ). This result was certainly associated with the grain formation stage of the coffee plants, when the requirement for nutrients is high. As fruits constitute preferential sinks for nutrients and photoassimilates (Laviola et al., 2008; Partelli, Espindola, Marré, & Vieira, 2014) , vegetative growth is severely jeopardized during this stage, due to an accentuated imbalance in the source:sink ratio of these productive branches, despite these branches (PlagBB) possessing limited autonomy in the production and supply of carbohydrates, as verified for C. arabica (Chaves, Martins, Batista, Celin, & DaMatta, 2012) . Additionally, the advent of new branches (budding) may reduce the growth of older branches (Ferreira et al., 2013) due to the changes in the source:sink relationship among different branches.
Consistent with the results and discussion above, it was verified that a gradual reduction in the net growth rate from January to March could be observed in the orthotropic branches (Figure 2 ) and in PlagN1 (Figure 3) . However, these branches maintained a considerably high net growth rate, which was not observed in PlagBB (Figure 3) . Therefore, the fruiting branches did not lose their growth potential, reinforcing the fact that reproductive growth limits vegetative growth. In fact, Amaral, Rena and Amaral (2006) demonstrated that the growth rate of plagiotropic branches of C. Arabica decreased during a period from the end of summer to the end of autumn, for both bearing and non-bearing branches. Nevertheless, these authors also demonstrated that the net growth rates were always higher for the defruited branches.
The PlagN1 branches showed higher net growth rates during the first evaluated period (July 28 (Figure 3 ). This is because these branches did not produce fruit during the first year, in contrast to the second year of evaluation. This behaviour demonstrates that the phenological cycle of coffee has a succession of vegetative and reproductive stages, which occurs within a period of approximately two years (Pezzopane, Pedro Júnior, Camargo, & Fazuoli, 2008) .
The growth curves of the PlagN2 and PlagN3 branches indicated similar behaviour during the whole experimental period, with the highest growth values occurring during the spring, between early September and the end of October 2012 (Figure 4) . The higher growth values observed from the beginning of November until the end of December 2012, and from the end of January until early April 2013 may be associated with the low amount of rainfall and hence the water deficit, increased temperatures and solar radiation, and the decrease in relative humidity, which was the main driving factor (Figure 1) . As the response pattern and the magnitude of the values were similar among the treatments, it may be suggested that the water deficit played less of a role in controlling the growth rates. Nevertheless, with the increase in rainfall amounts recorded in January 2013, the growth rates of the orthotropic and plagiotropic branches showed a small increase (Figures 2, 3 and 4) . This means that C. canephora responded to the rainfall, a similar behaviour to that observed by Ferreira et al. (2013) for C. arabica in the Cerrado Goiano region. The effect of the water deficit could also be observed on the irrigated plants; however, this effect was lower compared with the non-irrigated plants ( Figure 1C ). This suggests that the irrigation system used may not have met the water demand of this coffee crop and would need to be configured according to the climatic conditions of the region and the physical characteristics of the soil. According to Soares, Mantovani, Rena, and Soares (2005) , a reduction in coffee branch growth results in a lower production of available nodes for bud formation, which consequently reduces fruit production. According to DaMatta (2004) , a water deficit affects the development of coffee plant shoots and reduces the leaf area. Further, a reduction in stomatal opening ultimately results in lower CO 2 absorption and a reduction in the photosynthetic rate. A water deficit is the main environmental factor affecting agricultural production in Brazil (DaMatta, Ronchi, Maestri, & Barros, 2010) . According to Silva, Cavatte, Morais, Medina, and DaMatta (2013) , short water deficit periods may substantially reduce coffee production.
There was no significant difference in the coffee production per plant between the water treatments for the 2012 harvest. Average yields of 22.7 and 22.0 L plant -1 were observed in the irrigated and nonirrigated treatments, respectively. However, in 2013, the irrigated plants produced 86.3% more coffee than the non-irrigated plants, resulting in values of 16.1 and 8.6 L plant -1 , respectively. It must be emphasized that the branches of non-irrigated plants that produced coffee in the 2012 harvest period were formed in the previous year (this occurs naturally in coffee plants - DaMatta, Ronchi, Maestri, & Barros, 2007) , i.e., prior to the suppression of irrigation. As these branches were already completely developed and considering that during the critical period of grain formation, water availability was apparently adequate to guarantee fruit formation (due to adequate rainfall - Figure 1B) , the suppression of irrigation did not affect the coffee yield potential. The higher yield of the irrigated plants observed in the second harvest period could be attributed mainly to the high total vegetative growth of PlagN1 (Table  1) because these branches would only produce coffee grains in the second harvest period.
The biennial coffee production effect could be observed in 2013. A biennial cycle is a characteristic of coffee plants that occurs predominantly, and it is associated with excessive fruit yield in the previous year, as evidenced in the 2012 harvest period. The excessive production results in a depletion of plant reserves, affecting growth in the subsequent year (Jaramillo-Botero, Santos, Martinez, Cecon, & Fardin, 2010) and producing alternate cycles of high and low production in coffee plants. Biennial cycling is a naturally occurring process in coffee plants, and not even procedures such as irrigation are able to modify this behaviour (DaMatta et al., 2007) , as verified in the present study.
During the period of low production, coffee plants recover their productive capability because the quantity of energy consumed in the process of fructification is small, and the energy supply is focused on vegetative growth and bud differentiation (Sakai, Barbosa, Silveira, & Pires, 2015) . In the second harvest period (2013), plants without irrigation showed a coffee reduction of 7.5 L plant -1 compared with those that were irrigated. This reinforces the importance of using irrigation with fertilization in C. canephora farming in the Atlantic region of the Bahia State.
Irrigation has a positive effect on coffee growth (Nazareno et al., 2003; Ferreira et al., 2013) with respect to the size and quality of the grains (Sakai, Barbosa, Silveira, & Pires, 2013) , as well as the yield (Bonomo, Bonomo, Partelli, Souza, & Magiero, 2013; Sakai et al., 2015) . Increased coffee plant yield resulting from higher water availability in the soil provided by irrigation is also associated with greater development of the vegetative parts of the plant canopy (Alves, Faria, Guimarães, Muniz, & Silva, 2000) , especially the yield components of coffee plants, such as the number of branches per plant, number of nodes per branch, number of fruits per node and dry mass per fruit (DaMatta et al., 2007) .
The treatment supplied with irrigation throughout the whole experimental period also showed a reduction in the growth of the orthotropic and plagiotropic branches during periods with high temperature and evapotranspiration, as well as under water deficit conditions that resulted from low rainfall and insufficient irrigation to satisfy the evaporative demand. However, the irrigated plants exhibited the highest rates of vegetative growth compared with the non-irrigated plants during the various evaluations periods. Similar results were reported by Nazareno et al. (2003) , Carvalho et al. (2006) , Ferreira et al. (2013) and Sakai et al. (2015) for C. arabica.
The mean interval period of 14 days between branch growth evaluations was not adequate to conclude which climatic factor is correlated with or explains the behaviour of the vegetative growth of branches of non-irrigated and irrigated Conilon coffee plants because pronounced climatic fluctuations occurred in a short time period in the region under study. Consequently, shorter intervals (weekly or daily) are necessary between branch Acta Scientiarum. Agronomy Maringá, v. 38, n. 4, p. 535-545, Oct.-Dec., 2016
evaluations to better characterize the behaviour of the seasonal vegetative growth of C. canephora as a function of the climatic variables in the Atlantic region of the Bahia State.
Conclusion
Irrigation increased Conilon coffee plant yield in the Atlantic region of Bahia State, Brazil, without changing the biennial pattern.
The growth rate of the orthotropic and plagiotropic branches was higher under irrigation compared with the non-irrigated plants.
The growth rate of the plagiotropic branches depended on their load-bearing capacity.
The maximum growth rates occurred during spring and the minimum growth rates occurred during the endosperm formation period and/or during periods of water deficit, high temperature and low relative humidity.
The growth rate of C. canephora branches was not limited by the prevailing average minimum temperatures of the Atlantic region in Bahia, Brazil.
